Abstract-A high quality of magnetic fields is one of the basic prerequisites for a perfect operation of the MR tomographic scanner. Magnetic susceptibility of materials that are used for body implants causes much distortion in MR images. The paper deals with mapping the radio frequency magnetic field induction in the vicinity of these materials with the aim of characterizing the magnetic field and comparing the results with fields simulated in the ANSYS program. Magnetic resonance method of radio frequency magnetic field mapping was verified and optimized for both the characterizing of MR imaging detecting coil and the effects of electrical conducting samples. The designed method is based on optimized spin-echo imaging sequence with small flip angle.
The principle of reciprocity states a proportional relationship of the sensitivity during transmission of the RF (radio frequency) impulse relative to the amplitude of the received NMR signal using a receive transmit RF coil [1] . This relation has been used for absolute quantification in single voxel studies under the assumption that the B 1 field is homogenous throughout the voxel volume.
The local B 1 field strength in each examination can be obtained using repeated acquisitions with different RF impulse amplitudes ('transmit gain', 'flip angle') [2, 3] . The inhomogeneity can be corrected by the use of a map of the spatial distribution of the B 1 -field acquired either through computer simulation, or through measurement of the field. There are two major advantages by actually measuring the B 1 distribution; it makes the registration of the map against MR-images easier and also a measured B 1 field compensates for imperfections in the coil design. The latter is not easily incorporated into a computer model.
High homogeneity of RF field in working space of MR tomograph depends on construction of a probe and on its adjustment. Mapping of RF magnetic field by the use of the described method is based on a image MR measurement of the homogenous testing specimen with optimally determined flip angle for obtaining the maximum contrast in the measured map of RF magnetic filed.
METHOD
Flip angle α is defined between magnetization vectors before and after excitation by RF impulse. An extension of the flip angle depends on the energy, which the excited nuclei obtain, it means on magnetic induction of B 1 field, on the duration of RF impulse (t RF ), and on gyromagnetic ratio of the nuclei γ. For a general, amplitude-modulated RF impulse is:
In the case of RF impulse with rectangular envelope we can the flip angle express by simple expression
In MR tomography the flip angle α = 90 • is interesting, for which the transversal component of magnetization M xy is maximum (corresponds to amplitude of scanned signal). The size of xy part of flip angle is after end of excitation given by
Dependences of the maximum amplitude M in a image on the flip angle read form measured images and the theoretical course calculated according Equation (1) (1) is
Magnitude of the magnetic field induction B 1 , generated by this RF impulse, can be specified by comparing with induction B 1 generated by RF impulse of rectangular shape with known duration of 90 • impulse. The used probe is of 90 • impulse duration t 90 = 80 µs for rectangular shape of RF impulse with attenuation in RF channel 5 dB. The RF magnetic filed induction magnitude calculated according expression (2) is B 1,90 = 73.4 µT. This impulse flip angle is
From Equation (4) and (5), the magnitude of magnetic induction of RF field B m,90 generated by RF impulse of 4 ms length in order to obtain 90 • impulse can be evaluated B 0 = 5.88 · 10 −9 4.3 · 10 −4 = 13.6 µT .
This lower level of the RF magnetic field is experimentally achieved by reduced magnitude of the RF power realized by an attenuation adjustment in a RF trace to value 21 dB.
The maximum amplitude B m,90 = 13.6 µT in image obtained by amplitude-modulated RF impulse of shape shown in Fig. 2 will be for the flip angle α = 90 • . For lower flip angles the maximum amplitude of induction B 1 will decline in correspondence with expression (3). When mapping RF filed induction B 1 the lower flip angles are used in advance to sharp contrast for present inhomogeneity ∆B 1 . To obtain the maximum contrast k in an image, the optimum size of the flip angle was determined.
In a map of the RF field induction, scanned by MR technique, the dependence of the contrast k on the flip angle size is presented in Fig. 3 . It can be seen that the optimum size of the flip angle is 66 • .
The map the magnetic filed induction B 1 in the working space of MR tomograph was verified by measurement of MR image and by calculation. The used specimen was cubic vessel of 45 × 45 × 45 mm dimension, filled by solution of H 2 O, Ni 2 SO 4 , NaCl for reduction relaxation times T 1 (to 150 ms). This fact markedly shorts the time needed for the measurement.
The MR images of dimension 60 × 60 mm (256 × 256 pixels) were measured by the spin echo (SE) method with the different flip angles. The variations of the flip angles form β = 135 • to β = 30 • were reached by the RF transmitter power changing with attenuation from 6 dB to −9 dB. The obtained images were normalized to the image maximum amplitude, corresponding to 90 • exciting impulse. The amplitudes of the normalized images were converted into the RF magnetic field induction B 1 by use of
The obtained maps of field B 1 are depicted in Fig. 4 . The optimum map is obtained for RF power attenuation −6 dB, in which the contrast k is maximum and the noise is minimum.
From the Fig. 4 , it is obvious that for the plain orthogonal to axis and in the middle of the RF coil the field inductions are B max = 13 mT and B min = 5 mT. From this fact follows that the flip angle can for the optimum configuration rise up to 150 • .
Using the method described above, the influence of the eddy current induced in the conducting To verify the measured map the simulation calculation using the 3D finite elements method was performed for the same configuration as in the measurement. In the homogenous RF magnetic field of 200 MHz frequency an area was created of 4 mm in diameter and 20 mm in length, whose conductivity and magnetic susceptibility were identical to those of the specimen measured. The results of the simulation are given in Fig. 5(b) . It can be seen that both maps, the measured one and the simulated one, are identical.
CONCLUSION
The described method enables measurement of the RF magnetic field map inside the scanning coil of the MR tomograph. By the change of the measured slice location it is possible to measure 3 dimensional maps of the magnetic filed. The optimum flip angle for obtaining the maximum contrast of field B 1 and minimum disturbing noise in image α = 66 • . The method described enables measuring the RF magnetic field map inside the scanning coil of the MR tomographic scanner. By changing the location of the slice measured it is possible to measure 3D maps of the magnetic filed. The optimum flip angle for obtaining the maximum contrast of field B 1 and minimum disturbing noise in the image is α = 66 • .
Using the same method the map of B 1 magnetic field in the vicinity of a specimen of the material employed for dental implants was established. The method described is suitable for studying the deformation of RF magnetic field and MR images caused by eddy currents in specimens made of conducting materials.
